Introduction
An aerial radiological survey was performed over the Fernald Environmental Management Project (FEMP), located in Fernald, Ohio. The survey, conducted during the period of May 17-22, 1994, is typical of those repeated every several years around various facilities of interest to the U.S. Department of Energy (DOE). The surveys provide a means of monitoring changes in the gamma radiation levels at the facilities and in the surrounding areas. The FEMP survey was requested by DOE. Previous surveys of the plant, formerly called the Feed Materials Production Center, were performed in 1976 1 and 1985. 2 The aerial survey was performed by EG&G Energy Measurements, Inc. (EG&G/EM), which operated the Remote Sensing Laboratory (RSL) for the DOE Nevada Operations Office (DOElNV). The RSL maintains and manages an aerial monitoring program called the Aerial Measuring System (AMS). Since its inception in 1958, the AMS has continued a nationwide effort to document baseline radiological conditions at nuclear-energy-related sites of interest to DOE. These sites include power plants, manufacturing and processing plants, and research laboratories that use nuclear materials.
Site Description
The FEMP, located in southwestern Ohio, processes uranium products for DOE. The survey area is characterized by occasiona1 large hills and ridges. The Greater Miami River flows through the survey area on its way to the Ohio River. Significant nearby population centers include Ross, 1 mile (1.6 kilometers) to the northeast, and Cincinnati, 20 miles (32 kilometers) to the southeast.
The actual survey site consists of a 6-x 6-mile (9.7-x 9.7-kilometer) area centered on the plant. This area is only slightly larger than the 5-x 5-mile (8-x 8-kilometer) area surveyed in 1985. A total of 127 parallel lines 250 feet (76 meters) apart were flown at an altitude of 150 feet (46 meters) and at an airspeed of 70 knots (36 meters per second).
Natural Background
Natural background radiation has three main sources: terrestrial radiation, cosmic radiation from space, and radon gas emanating from the ground. All 1 three of these sources combine to contribute to the annual radiation dose to individuals.
The terrestrial component of natural background is due to gamma-ray-emitting radionuclides present in the soil. These naturally occurring radionuclides, members of the uranium (238U) and thorium (232Th) decay chains and a single isotope of potassium (40K), are long-lived radioactive materials with half-lives measured in billions of years. Gamma rays emitted from these radionuclides contribute to background radiation levels on the surface. Most often, regions exhibiting high levels of natural terrestrial radiation are located over particular geological depOSits of materials high in the concentration of uranium and/or thorium or over sites where mining operations have produced tailings or other waste products. Terrestrial radiation levels can be significantly reduced due to shielding by moisture in the soil or overlying bodies of water or snow. The median whole-body dose-equivalent rate from terrestrial radiation forthe United States is 30 millirems per year (mrem/yr).3
Radon is produced through decay of radioactive materials in both the uranium and thorium chains. As a gas, radon migrates out of the ground into the air where it can contribute a dose to individuals on the surface. Because the mobility of the gas through rock fractures and soil is slowed by the presence of moisture, radon concentrations on the surface vary considerably.
Cosmic radiation arises from sources outside of the earth's atmosphere. The earth's atmosphere provides shielding equivalent to about 30 feet of water, so the radiation dose is significantly reduced by the time the cosmic radiation reaches the earth's surface. Consequently, cosmic radiation doses increase with elevation above sea level. The average whole-body dose equivalent in the United States from cosmic radiation is 3.2 microroentgens per hour (!lRlh) (27 mrem/yr). 4 However, in Denver, Colorado, with its elevation of 1 mile ( 1.6 kilometers), the dose equivalent from cosmic radiation is 6.0 !lRlh (50 mrem/yr).
Survey Equipment
The aerial measuring system used to perform the FEMP survey consisted of a radiation detector and data-acquisition computer system mounted aboard a high-performance helicopter. A data-analysis computer system located at the RSL facility at Andrews Air Force Base near Washington, D.C., supported the helicopter and allowed the spectral data to be reduced and presented as isopleth contour maps of exposure rates and isotopic intensities.
The Messerschmitt-Bolkow-Blohm (MBB) BO-105 helicopter, shown in Figure 1 , was used as the aerial platform. The helicopter carried a crew of two and the Radiation and Environmental Data Acquisition and Recorder, Model IV, (REDAR IV) system. Two detector pods, each containing four 2-x 4-x 16-inch logtype, sodium iodide thallium-activated [Nal(Ti)] scintillation detectors, were mounted on the side landing skids of the helicopter. The signals from the eight detectors were combined and fed into a single analogto-digital converter (A DC) to record the gamma radiation. The output of a single detector was fed into a second ADC to extend the dynamic range and is useful in examining enhanced radiation areas.
The voltage pulses produced through the interaction of gamma rays with the Nal(Tl) crystals were analyzed by successive-approximation ADCs in the REDAR IV system. The REDAR IV is a multi-microprocessor data-acquisition and real-time analysis system designed to operate in the severe environments associated with platforms such as helicopters, fixed-wing aircraft, and various ground-based vehicles. The system displays radiation and positional information to the operator in real time through video displays and multiple light-emitting diode (LED) readouts. The gamma-ray spectrum, helicopter position, and weather data are recorded at one-second intervals on magnetic cartridge tapes for postflight analysis on a ground-based minicomputer system. Helicopter position was established using two systems: a Real-Time Differential Global Positioning System (RDGPS) and a radar altimeter. The RDGPS is a ranging system which uses precise timing signals generated by a constellation of 24 satellites to determine position. The RDGPS stationary ground unit and The radar altimeter determines the helicopter's altitude by measuring the round-trip propagation time of a signal reflected off the ground. For altitudes up to 1,000 feet (300 meters), the accuracy of this system is ± 2 feet (0.6 meter) or ± 2 percent, whichever is greater. The positional information from the RDGPS system was directed to an aircraft steering indicator used by the pilot to guide the aircraft along the predetermined flight lines.
In aerial surveys, aircraft altitude, line spacing, and speed are chosen to optimize the detector system's sensitivity to radionuclides and the system's spatial resolution while maintaining a safe flight configuration. For the FEMP survey, the helicopter flew 127 parallel lines, 250 feet (76 meters) apart, at an altitude of 150 feet (46 meters) and an airspeed of 70 knots (36 meters per second).
A minicomputer-based system, the Radiation and Environmental Data Analysis and Computer (REDAC) system, was used during the survey to evaluate the aerial data immediately following each survey flight. The REDAC system consists of a Data General 32-bit minicomputer system with two gigabytes of disk space for data storage, two 8-millimeter (1/4-inch) tape drives for data transfer and archiving, and a 36-inch color ink jet plotter for data contouring. Other peripheral devices include a laser printer and three graphics terminals with hard-copy units. This system has an extensive library of software routines available for complete data processing in the field.
Methods of Aerial Data Analysis
The algorithms described below were used to generate a terrestrial exposure-rate contour. 5 To obtain this contour, the gross count data is first integrated between 38 and 3,026 keV as follows:
GC is the gross count rate, E is the photon energy in keV, and See) is the gamma-ray energy spectrum (the number of counts collected in channels corresponding to energy E).
Because the contours are only meant to depict terrestrial radiation levels, background counts from cosmic radiation, airborne radon, and radiation from materials in the aircraft are subtracted. In addition, the terrestrial gross count rate is converted into an exposure rate at a 1-meter (3.3-foot) height by application of a conversion factor. The calculations for the exposure rate, ER, are summarized below. In addition, all counts were normalized using detector live time.
In Equation 2, BKG represents the background count rate from cosmic radiation, radon, and materials in the aircraft. The background count rate was determined by flying the aircraft over a body of water, shielding the aircraft from terrestrial sources of radiation so that only counts from cosmic radiation, radon, and the aircraft were observed. "The particular body of water used during this survey was the Ohio River. The contours generated from these data reflect the total exposure rate at 1 meter (3.3 feet). A calculated cosmicray contribution of 3.7 IlRlh was added to the reduced data before the contours were plotted. The typical and highly variable radon contribution of approximately 0.2 IlRlh was not included in the contour.
The factor in the denominator of Equation 2 converts count rate to exposure rate and was determined from data obtained over the test line in Calvert County, Maryland. 6 This factor has been adjusted for environmental differences such as temperature, humidity, and altitude between the Calvert County test line and the FEMP survey site. The exponential term in this equation corrects for changes in the attenuation of the gamma radiation in air due to slight variations in the aircraft's altitude, A. The attenuation coefficient, a = 0.0021 fr1, was experimentally measured at the survey site.
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The conversion from gross counts to exposure rate assumes the source is spread uniformly over the width of the detector footprint, or field of view, of approximately 300 feet (91 meters). Because the conversion assumes the source is spread evenly over the entire footprint, the exposure rate will be underestimated over sources that are small with respect to the size of the footprint. For example, an intense point source of radiation can produce counts equivalent to a much less intense large-area source.
Gross count data include contributions from natural sources of radiation. Consequently, these data will reflect variations in terrestrial radiation levels. Contours resulting from these variations in natural radiation levels will often match surface features, such as tree lines, boundaries of cultivated land, and bodies of water. Exposure-rate contours offer a sensitive means of identifying anomalous, potentially manmade changes in the radiation environment.
Ground-Based Measurements
To provide confirmation of the aerial measurements, a series of ground-based measurements was performed. At selected points within the survey site, exposure-rate measurements were made at a height of 1 meter (3.3 feet) using a Reuter-Stokes ionization chamber. In addition to the ion chamber measurements, the exposure rate at a height of 1 meter was inferred from two types of high-purity germanium, gamma spectroscopic measurements. The first consisted of gamma spectroscopic analysis of four soil samples from each of the selected locations. These samples were obtained to a depth of 15 centimeters (6 inches), dried, and counted at the EG&G/EM Santa Barbara facility. The second consisted of in situ gamma spectroscopic analysis performed at each of the field locations. Exposure rates were then inferred from the'concentrations of naturally occurring radionuclides determined by gamma spectroscopy. Detailed descriptions of the system and the procedures used for collecting and analyzing data from soil samples are outlined in separate publications.7,8
Results
The results of the aerial measurements are shown in Figure 2 . An estimated cosmic-ray contribution of 3.7 IlRlh has been added to the terrestrial exposure rates at 1 meter. Five regions of interest (ROls), corresponding to areas of maximum exposure rate, are also indicated on the map. Net Nal(Tl) gamma-ray ~~-----"
... ---~------~ spectra from these regions were extracted for identification of the gamma-ray emitters. A typical background gamma-ray spectrum appears in Figure 3 . Gamma-ray spectra for the five ROls appear in Figures 4 through 8.
Aerial Measurements
The survey area surrounding the FEMP consists of a fairly uniform background radiation field of 7 to 12 !lRlh. This level is typical throughout the United States. The outline of the Great Miami River is plainly visible where it passes though the survey area, as are the boundaries of several wooded areas. Many of the contours in this area roughly match those from the 1985 survey. Figure 3 depicts a Nal(TI) gamma-ray spectrum due to terrestrial background radiation. Counts for this spectrum were obtained within the survey boundary, over a large area surrounding the FEMP. A major peak occurs at an energy of 1,460 keV. The source of this radiation is the naturally occurring isotope of potassium (40K). Also visible in this spectrum are peaks due to gamma rays from actinium-228 (228Ac) at 911 keV and thallium-208 (208TI) at 2,614 keV. Both of these radionuclides are members of the 232Th chain of naturally occurring radionuclides (see Figure 9 on page 7). Bismuth-214 (214Bi), a member of the 238U chain of naturally occurring radionuclides, contributes peaks at 1,120,1,728, and 2,204 keV (see Figure 10 on page 8).
The FEMP itself is the only area where exposure rates were significantly above background levels. The large-area averaging inherent in the aerial measurement system has resulted in an underestimate of the peak exposure rates in these areas. The actual exposure rates could be as much as two orders of magnitude larger than shown in Figure 2 , depending on how localized the radiation source is. Also, the contours will often appear to imply a large-area source of radiation near high-exposure-rate areas when, in fact, the source is quite localized. This is caused by radiation from the high-exposure-rate area traveling some distance before striking the detectors on the aircraft at an oblique angle. Five ROls, labeled in Figure 2 , were chosen to correspond to the peak exposure rates measured over the plant. Figures 4 through 8 are gamma-ray spectra obtained with the airborne system over these regions.
The 214Bi peaks appearing in Figure 4 are seen wherever radium-226 (226Ra), radon-222 (222Rn), or 238U
5
and its progeny are present. The magnitude of the exposure rates encountered in ROI 1 suggests that a large quantity of such material is present at this location.
The gamma-ray spectra obtained over ROls 2, 3, and 4 appear in Figures 5,6 , and 7, respectively. Gammaray spectra such as these are typical of 238U but only when uranium has been separated from its progeny, particularly 214Bi. Before separation, the 1,001-keV and 765-keV peaks from protactinium-234m (234mPa) are overwhelmed by 214Bi emissions. Also present in Figures 5 and 6 is a 208TI peak at 2,614 keV.
The gamma-ray spectrum obtained over ROI 5 contains prominent 208TI and 228Ac peaks. The Nal(TI) detectors used are not able to resolve the 911-keV and 969-keV 228Ac peaks. Instead, a distorted peak appears in this energy region. Both 208TI and 228Ac are members of the naturally occurring 232Th decay chain.
Ground-Based Measurements
The results of the ionization chamber exposure-rate measurements, as well as the results from the soil sampling, are tabulated in Tables 1 and 2 . The three ground-based ionization chamber measurements faIling within the survey site boundary are in agreement with the levels plotted in Figure 2 . All three fall within the 9 to 12 !lRlh contour. The fourth measurement, at Site 15, is located outside the survey site boundary. The soil sample locations are shown in Figure 11 . 
Conclusions
Contours within the FEMP area are similar to those measured in 1985. Although the radionuclides identified in the high-exposure-rate areas are naturally occurring, the levels encountered are greatly enhanced due to industrial activities at the plant. There are no areas of man-made or enhanced naturally occurring radioactivity outside the plant boundary. 
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